Bacterial adherence to polymer surfaces is a required early step in intravenous (iv) device infection. Wecollected eight strains of Staphylococcus aureus and 19of coagulase-negative staphylococci from patients with proven iv device bacteremia and studied the role of plasma or connective-tissue proteins in promoting bacterial adherence to polymethylmethacrylate (PMMA) coverslips. Although only a negligible percentage of organisms adhered to albumin-coated PMMA, surface-bound fibronectin significantly promoted adherence of all isolates. Fibrinogen markedly promoted adherence of all S. aureus strains but of only four coagulase-negative strains. Thus, coagulase-negative staphylococci revealed a marked heterogeneity in adherence to fibrinogen-coated surfaces, a result suggesting the existence of heretofore unknown receptors for fibrinogen. Laminin promoted adherence of staphylococci to a much lower extent. Although strain specific, adherence of clinical staphylococcal isolates to foreign surfaces is significantly increased by fibronectin, fibrinogen, and laminin, an observation suggesting the possible contribution of these proteins to the pathogenesis of iv device infection.
Bacterial adherence to polymer surfaces is a required early step in intravenous (iv) device infection. Wecollected eight strains of Staphylococcus aureus and 19of coagulase-negative staphylococci from patients with proven iv device bacteremia and studied the role of plasma or connective-tissue proteins in promoting bacterial adherence to polymethylmethacrylate (PMMA) coverslips. Although only a negligible percentage of organisms adhered to albumin-coated PMMA, surface-bound fibronectin significantly promoted adherence of all isolates. Fibrinogen markedly promoted adherence of all S. aureus strains but of only four coagulase-negative strains. Thus, coagulase-negative staphylococci revealed a marked heterogeneity in adherence to fibrinogen-coated surfaces, a result suggesting the existence of heretofore unknown receptors for fibrinogen. Laminin promoted adherence of staphylococci to a much lower extent. Although strain specific, adherence of clinical staphylococcal isolates to foreign surfaces is significantly increased by fibronectin, fibrinogen, and laminin, an observation suggesting the possible contribution of these proteins to the pathogenesis of iv device infection.
Adherence of microorganisms to specific substrates is presently considered to be a crucial step in the initiation of infections [1] . Many investigators have searched for such ligands in staphylococcal prosthesis infection. There is increasing evidence that similar specific interactions might also playa role in the pathogenesis of foreign-body infections.
After contact with blood, a polymer surface (such as a cannula inserted iv) is almost immediately coated with a protein layer at the blood-polymer interface [2] [3] [4] . Bacterial adherence to the protein-coated surface is a prerequisite for initiating iv device infection. Fibrinogen and fibronectin are proteins known to bind and to aggregate staphylococci [5, 6] . More recently, laminin, a large glycoprotein mainly found in basal membranes and to a slight extent in plasma, has also been described as possessing staphylococcalbinding properties [7] . Several studies have investigated staphylococcal adherence [8] [9] [10] [11] to polymer surfaces. In particular, studies performed on explanted foreign bodies [12, 13] and on in vitro models [14, 15] strongly suggested that adherence of selected staphylococcal strains was promoted by fibronectin. The relative role of these various plasma proteins in promoting adherence of clinically relevant strains has not yet, however, been studied in detail. In this paper we analyzed adherence of bacteremic strains of Staphylococcus aureus and coagulase-negative staphylococci to polymer surfaces and, in particular, the influence of surface-bound fibronectin, fibrinogen, and laminin.
Materials and Methods
Chemicals andmaterials. PBS solutions containing 1 mM Ca" and 0.5 mM Mg'" were purchased from GIBCO (Paisley,Scotland); [3H]thymidine was purchased from Amersham (Buckinghamshire, England).
Fibronectin was purified as previously described [13] . Fibrinogen (provided by Dr. Haeberli, University Hospital, Bern, Switzerland) was further purified from trace amounts of fibronectin by affinity chromatography on gelatin-Sepharose 4B [13] , and the final protein concentration was determined by the Bio-Rad" protein assay (Bio-Rad Laboratories, Glattbrugg, Switzerland). Laminin was purchased from Bioreba-Diagnostica (Basel, Switzerland). Examination of the different proteins by using 7070 SDS-PAGE under reducing conditions [16] revealed the expected bands; no significant contaminants were seen. All protein solutions were dispensed into aliquots and stored at -70 C. Coverslips (1 x 1 em) made of polymethylmethacrylate (PMMA) were cleaned with 100070 ethanol and sterilized by heating at 49 C for 30 min.
Staphylococcal isolates. We investigated 62
strains of staphylococci that, according to the clinical data obtained, were subdivided into three different groups. These strains were isolated from patients at the University Hospital of Geneva (Geneva), from patients at the University Hospital of Cologne (Cologne, FRG), and from healthy volunteers. Two additional clinical strains were provided by Dr. G. Christensen (University of Tennessee, Memphis). Tlie three groups were defined as follows. Group 1 included strains isolated from iv device infection. Twenty-seven isolates were obtained from 27 patients with proven septicemia associated with an iv device. This classification was based on the following criteria: (1) two or more positive cultures of blood yielding the same organism; (2) fever >38 C that was frequently associated with chills and sometimes associated with hemodynamic alterations (tachycardia, hypotension, low central-venous pressure); (3) leukocytosis (>10 OOO/mm 3 ) ; (4) positive culture of the catheter tip yielding the same organism and antibiogram as found in the cultures of blood (available in 24 of 27 cases); and (5) presence of an iv device, inserted before the onset of infection, in a patient showing clinical signs of acute inflammation and who improved after removal of the device and initiation of antibiotic therapy. The clinical data were evaluated twice and independently by two investigators (M. H. and D. P.). Group 2 included strains from patients with septicemia. Nineteen isolates were obtained from 18pa-tients who met the aforementioned criteria, except the septicemia was not associated with an iv device infection.
Group 3 included strains from controls. Sixteen isolates were derived from the skin of healthy volunteers.
All isolates were identified as staphylococci in the Slime production was assessed qualitatively by using the tube method and quantitatively by adherence of organisms to tissue culture plates and by spectrophotometric determination, as previously described by Christensen et al. [18, 19] .All strains were kept on Mueller-Hinton agar plates at 4 C.
Preparation of bacteria for adherence experiments. Each clinical or laboratory isolate of a fresh overnight culture was grown and radiolabeled with [3H]thymidine, as previously described [15] , in Mueller-Hinton broth for 3 hat 37 C (final concentration, 2 X 10 7-2 X 10 8 cfu). After the labeling period and rinsing procedures [15] , in most experiments the strains were sonicated to remove possible bacterial exopolymers [20] by using a B-12 sonifier (Branson, Danbury, Conn) for 10 s (with 50 watts) and were centrifuged. The strains were finally suspended in saline and standardized for cfu and cpm [15] .
Attachment of strains to protein-coated coverslips. Adherence conditions were found to be op- Table 2 . Adherence of different numbers of inoculated organisms to polymethylmethacrylate.
NOTE. Staphylococcal organisms at the indicated concentrations (20-fold differences) were incubated with coverslips precoated with fibronectin (25 IJ.g/mL) in the presence of 0.5% albumin; adherence was assessed as described in Materials and Methods. The results are averages of triplicate experiments.
shown). Variations in the quantity of proteins adsorbed on PMMA did not affect adherence, because staphylococci adhered to almost the same extent to surfaces coated with a fivefold lower concentration of proteins (results not shown).
Statistical analysis. The Mann-Whitney test for unrelated scores, the Wilcoxon test for related rankable scores, and the Fisher's exact test were performed by using specific programs adapted to a computer (model HP-41C; Hewlett-Packard, Geneva; or MacIntosh; Apple, Cubertino, Calif).
Results
Adherence to uncoatedcoverslips and influence of albumin on adherence. In vitro assays, testing characteristics of bacterial adherence to artificial surfaces in the absence of blood proteins, have shown that there is adherence due to electrical charge and to other physicochemicalbinding forces [11] . To evaluate staphylococcal adherence to uncoated PMMA coverslips, in the absence of serum proteins, we in- timal (0.5 I-Lg of fibronectin/cm") after coating PMMA coverslips with 25 I-Lg of fibronectin/mL of buffer solution [15] . Others have shown that fibrinogen binds at a concentration of 35 I-Lg/mL to a nearly saturated extent to polymethacrylate (0.25 I-Lg of fibrinogen/em") [21] and that optimal concentrations of laminin for adherence of S. aureus to surfaces were found to be 25 I-Lg/mL [22] . To assess the amount of deposited laminin, we immersed multiple coverslips in a solution containing 25 I-Lg of laminin/mL and measured the protein concentration in the solution before and after immersion. The average deposit was found to be 0.3 I-Lg of laminin/cm". With indirect immunofluorescence, we could demonstrate that laminin was homogeneously deposited on PMMA coverslips. Each coverslip was immersed in a 1-mL solution of PBS containing either fibronectin (25 I-Lg/mL), fibrinogen (35 I-Lg/mL), or laminin (25 I-Lg/mL) for 1 hat 37 C. After being rinsed as previously described [15] , protein-coated coverslips were incubated with 10 6-107 radiolabeled bacteria (as determined by cfu counts) for 60 min at 37 C. The adherence medium was PBS containing divalent cations with or without 0.5070 human serum albumin (as indicated in the text). At the end of the attachment period, the fluids containing unbound bacteria were removed, and the coverslips were rinsed and counted for radioactivity. Background radioactivity was subtracted, and adherence was expressed as the percentage of radioactivity remaining on the coverslips divided by the amount of radioactivity used to label the coverslips. All experiments were performed in triplicate. and were repeated on at least two different days.
Validation ofthe adherence assay. To minimize bacterial aggregation and to remove residual fragments of exopolymeric substances or slime [18, 20] , we sonicated organisms, because adherence experiments with sonicated and nonsonicated organisms yielded no significant differences (median, 2.3070 and 2.4070, respectively; n = 23). To rule out possible dayto-day variations in the number of inoculated bacteria, we tested four staphylococcal strains, each with 20-fold different concentrations of inoculated organisms (table 2) . The number of bacteria bound to PMMA was proportional to the number of bacteria inoculated; thus no significant difference in the percentage of bound bacteria (depending on the inoculum size) could be found in our assay. Time courses revealed that optimal adherence conditions were observed after incubation for 60 min {results not without albumin with albumin the coagulase-negative staphylococci (median, 1.25070; range, 0.2%-2.9070), but this difference was not significant. Implanted or inserted foreign bodies, such as iv catheters, are rapidly covered to a variable degree with serum proteins and blood cell deposits [23, 24] . Thus, 0.5% human serum albumin was added to the medium (figure IB). We found a striking reduction of adherence: S. aureus strains had 0.0090/0 (median) adherence to PMMA and the coagulase-negative strains, 0.003% adherence. Therefore, albumin inhibited nonspecific adherence to >99%. We considered these observations to be maximum inhibition of nonspecific bacterial adherence and performed all further experiments in the presence of 0.5% human serum albumin in the incubation assay.
Adherence of S. aureus and coagulase-negative staphylococci to surface-boundproteins. S. aureus and coagulase-negative strains that had been obtained from cultures of blood from patients with iv device infection weretested for adherence to proteincoated PMMA substrates (table 3). S. aureus adhered significantly more than did coagulase-negative staphylococci to fibronectin-coated (P < .02) and fibrinogen-coated (P <.002)PMMA. In comparison, adherence to surface-bound laminin did not differ as much; however, the S. aureus strains also adhered more to laminin than did the coagulase-negative strains (P < .02).
Promotion of adherence by surface-boundproteins.
Adherence of the eight strains of S. aureus from iv device infections was strongly promoted by surface-bound fibronectin (median increase, 307-fold; range, 177-425-fold) and surface-bound fibrinogen (median, 335-fold; range, 289-525-fold; figure 2, left) when compared with albumin-coated PMMA. In contrast, promotion of adherence by surface-bound laminin was significantly (P < .02) Figure 3 . Promotion of adherence of staphylococci from various sources by surface-bound proteins. S. aureusand coagulase-negative strains obtained from the blood of patients with an iv device infection or with sepsis of another origin, as well as strains obtained from controls, were assessed for adherence to polymethylmethacrylate coverslips precoated with the indicated proteins, as described in Materials and Methods.
found that adherence of only 3 of 14 control strains was >10-fold promoted, whereas adherence of 12 of 19 iv device-associated (P < .05) and 4 of 5 sepsisassociated (P < .05) strains was >10-fold promoted.
Slime production and promotion ofadherence of coagulase-negative staphylococci. Slime production was first quantitatively examined with the spec- lower (median, 37-fold; range, 4-163-fold). Furthermore, laminin-promoted adherence showed greater strain variability, with half of the strains being poorly promoted «20-fold) and the other half being more strongly promoted (>50-fold).
Adherence of the 19 coagulase-negative strains from iv device infection was more strongly promoted by surface-bound fibronectin (median increase, 140-fold; range, 80-495-fold) than by surface-bound fibrinogen (median, 16-fold; range, 3-722-fold; figure 2, right) . Closer analysis of these data revealed a heterogeneous response of coagulase-negative staphylococci to surface-bound fibrinogen. Adherence of 15 coagulase-negative strains (10 of S. epidermidis, 3 of S. haemolyticus, and 2 Staphylococcus spp.) was slightly (median, 13-fold) promoted. In contrast, adherence of four coagulase-negative strains (three of S. epidermidis and one of S. hyicus) was promoted to a larger extent by fibrinogen (median, 430-fold), and the two most-adherent strains were agglutinated by purified fibrinogen. Adherence of the coagulase-negative staphylococci to laminin-coated PMMA was only slightly promoted (median, ll-fold; range, I-SO-fold).
Adherence of iv device-associated, septicemic, and control isolates. Adherence of strains that had been obtained from cultures of blood from patients with iv device infection did not differ significantly from adherence of strains obtained from patients with septicemia of other origin ( figure 3) .
In contrast, we found adherence of coagulasenegative, clinical isolates versus control isolates to fibrinogen to be significantly different (figure 3, bottom right). Defining an arbitrary breakpoint, we trophotometric method [19] . Four of 35 coagulasenegative clinical and control isolates were found to be negative for slime production (Ol), at A 570 , <0.24), whereas 31 of 35 isolates were positive (Ol), at A 5 70 , >0.24) when tested on tissue culture dishes. Both positive and negative strains adhered, however, to a similar extent to surface-bound fibronectin (median of promotion, 115-and 3Ot-fold, respectively) or fibrinogen (median, 10-and 82-fold, respectively); no significant differences between the groups were found. Furthermore, no quantitative correlation could be found when values of slime production assessed by Ol) were compared with adherence to fibronectin-coated PMMA (r = .1) or to fibrinogencoated PMMA (r = .1). In addition, we assessed slime production with a more qualitative test (tube test [18] ) and found that nine of 35 coagulasenegative strains were negative for slime production. Organisms positive for slime production adhered to fibronectin-coated PMMA to the same extent as did organisms negative for slime production (median promotion, 115-and 156-fold, respectively); the same was true for adherence to fibrinogen-coated PMMA (median, 263-and 137-fold, respectively). The differences were not significant.
Discussion
The present study focused on the early events of adherence of bacteremic staphylococcal isolates to artificial surfaces. For this purpose we used a previously described [15] in vitro assay established for S. aureus strain Wood 46. Because many materials are used for bioprosthesis and iv devices, we used PMMA, a polymer widely used in orthopedic surgery and proven to adsorb proteins to a similar extent when compared with other polymers used in iv catheters [25] .
Bacteria adhere to uncoated polymer surfaces to a different extent depending on the surface charge and hydrophobicity of the material [10] and the organisms [26] . We found no significant difference in adherence to uncoated PMMA when comparing S. aureus with coagulase-negative staphylococci; the differences in adherence between the strains might be due to surface properties of the microorganisms influencing charge or hydrophobicity. Furthermore, we confirmed previously published results [15, 27, 28] showing a striking inhibition of adherence of all our isolates to polymers by either human serum or albumin, probably due to a decreased hydrophobicity of the interacting surfaces.
Herrmann et af.
Staphylococcal adherence was studied primarily on surfaces coated by a variety of host proteins presumed to be deposited on foreign surfaces and to react with staphylococcal surface receptors. Binding of staphylococci to fibronectin has been described as a specific, receptor-mediated process. Fibronectin-binding molecules of different molecular weight have been described [29] [30] [31] , and recently a fibronectin-binding protein from S. aureus has been cloned and expressed [32] . Our findings demonstrated that adherence of all coagulase-positive and -negative clinical staphylococcal strains was significantly promoted by fibronectin. These results are consistent with previous studies investigating selected laboratory strains and showing staphylococcal binding to specific binding sites on soluble [6, [33] [34] [35] and surface-bound fibronectin [14, 15, 28] .
Fibrinogen is deposited, perhaps preferentially, on surfaces of iv devices, as demonstrated with 125 1_ labeled fibrinogen in human [36] and animal [37] in vivo studies. Development of fibrinogen-associated thrombosis is a frequent complication of iv devices [38] [39] [40] and catheter infection [41, 42] . Adherence of all of the S. aureus isolates tested was highly promoted by surface-bound fibrinogen, and no significant differences were observed between the iv device-associated, septicemic, or control strains.
S. aureus binds specifically to soluble fibrinogen in a reaction described as staphylococcal clumping reaction [43, 44] and to surface-bound fibrinogen [35] , possibly via a recently described receptor protein [45] . Our observation of the extent of increased adherence of S. aureus to foreign surfaces because of fibrinogen therefore suggests a contribution of this protein to colonization and infection of catheters with S. aureus. In contrast, S. epidermidis is generally considered to be nonadherent to fibrinogen [46] , a belief suggesting less importance of this protein in the initiation of foreign-body infection. So far, adherence has only been described for some coagulase-negative strains, such as S. hyicus and Staphylococcus intermedius [47] .
We found adherence of coagulase-negative staphylococci to fibrinogen to be heterogeneous. Although the majority of strains was only slightly adherent to fibrinogen, some coagulase-negative staphylococci strains were highly adherent to fibrinogen-coated surfaces. Bacteremic strains adhered to fibrinogen to a higher extent than did control strains. No difference was found between iv device-associated and septicemic strains in the bacteremic group. The nature of this interaction remains to be explored, as does the question of whether coagulase-negative staphylococcistrains that bind to fibrinogen are more virulent in an animal model. In summary, our experiments suggest the existence of heretofore unknown ligands for fibrinogen on some coagulase-negative staphylococci associated with iv device infection.
In comparison with fibronectin and fibrinogen, much less is known concerning the interaction of staphylococci with surface-bound laminin, a large glycoprotein that has a molecular mass of 900 kilodaltons and that is found mainly in basal membranes [48] .Laminin has been shown to promote cellular [49] [50] [51] and bacterial [22] attachment to solid surfaces. Furthermore, soluble laminin binds to s. aureus but not to S. epidermidis, and a tentative receptor of S. aureus for laminin has been described [7] . Laminin is present in the serum of healthy persons in a concentration of 1"\.10.2 J,1g/mL, and the serum concentration of laminin is increased in the presence of liver diseases [52] . We found that adherence was promoted for four of eight S. aureus strains, whereas adherence of all the tested coagulase-negative strains was uniformly weak. This finding is not due to a significantly lower adsorption of laminin on PMMA, compared with fibronectin or fibrinogen. In addition, coating PMMA with a fivefold or lower concentration of laminin produced no significant difference in adherence of a moderately promoted S. aureus strain. Becausestaphylococci adhered to laminin-coated PMMA to a lower degree and because the concentration of laminin in serum is >100-fold lower than in our adherence assay, it might be suggested that laminin contributes to a minor extent to the colonization of catheter surfaces.
Certain S. aureus and coagulase-negative strains produce an extracellular fibrous matrix of either polysaccharides or glycoproteins; this matrix has been designated as extracellular slime [18, 53, 54] , glycocalyx [55] ,or bacterial exopolymeric substances [56] . Several published studies investigating the correlation between clinical invasiveness of staphylococcal strains and adherence properties to artificial surfaces have focused on their slime production as a causative factor [12, 18, [56] [57] [58] [59] [60] [61] [62] [63] . Bacterial production of exopolymers is, however, a time-dependent process [18] . In contrast, bacteria must, in order to initiate colonization, quite instantly and under slimenegative conditions bind to artificial surfaces like catheters. Our experiments yielded no significant correlation between slime production and adherence to fibronectin-or fibrinogen-coated surfaces. Therefore, the conceivably early organism-substrate inter-699 action might not be conditioned by the ability of the organism to produce slime. Thus, slime production may playa minor role during the initial steps of bacterial adherence leading to the permanent colonization of implants or inserted devices [20] .
Recent evidence from our laboratory suggeststhat adherence of S. aureus and, to a lesser extent also, of coagulase-negative staphylococci to ex vivo catheter material is promoted by surface-adherent plasma proteins, probably due to a significant amount of deposited fibrinogen and/or fibronectin, as determined by a specific RIA (P. E. V.,unpublished data). These data might indicate relevance of our findings in the in vivo situation.
In conclusion, our results imply an important role for two major plasma proteins, namely fibronectin and fibrinogen, and a minor role for laminin in staphylococcal adherence to polymer surfaces and thus in mediating the early steps of colonization of catheter surfaces. Further studies, however, are necessary to relate these results to the in vivo conditions of inserted iv devices.
